Adding programmable function to elastic metamaterials makes them versatile and intelligent. The objective of this study is to design and demonstrate thermomechanically tunable metamaterials with a compliant porous structure (CPS) and to analyze their thermomechanical behaviors. CPS, the unit cell of the metamaterial, is composed of rectangular holes, slits, and bimaterial hinges. By decomposing kinematic rotation of a linked arm and elastic deformation of a bimaterial hinge, a thermomechanical constitutive model of CPS is constructed, and the constitutive model is extended to a threedimensional (3D) polyhedron structure for securing isotropic thermal properties. Temperature-dependent properties of base materials are implemented to the analytical model. The analytical model is verified with finite element (FE) based numerical simulations. A controllable range of temperature and strain is identified that is associated with a thermal deformation of the bimaterial hinge and contact on the slit surfaces of CPS. We also investigate the effect of geometry of CPS on the thermal expansion and effective stiffness of the metamaterial. The metamaterial with CPS has multiple transformation modes in response to temperature while keeping the same mechanical properties at room temperature, such as effective moduli and Poisson's ratios. This work will pave the road toward the design of programmable metamaterials with both mechanically and thermally tunable capability, providing unique thermomechanical properties with a programmable function.
Introduction
Elastic or mechanical metamaterials are the rationally designed artificial structures whose elastic properties are not found in nature. The properties of elastic metamaterials are guided by their geometrical architecture rather than their composition. Their mechanical properties can be tailored to have unusual or reverse values compared to those found in natural materials. The unusual features include negative Poisson's ratio (NPR) [1] [2] [3] , negative thermal expansion (NTE) [4, 5] , negative stiffness [6] [7] [8] [9] , negative compressibility [10] [11] [12] , etc. Not only have the counter-intuitive properties been explored with micro-architecture with beam and truss members [1] [2] [3] [4] [5] [8] [9] [10] , but also they have been secured in granular structures [13, 14] , tensegrity lattices [15] [16] [17] , and origami-based folding patterns [18] [19] [20] . Moreover, the emerging three-dimensional (3D) printing technology has fostered the design of metamaterials, enabling to manufacture complex 3D micro-architecture with either direct printing [3, 6] or indirect fabrication of molds [8, 9, 21, 22] .
Adding programmable function to the micro-architecture enables to build innovative artificial materials. Researchers have used origami-inspired structures with a compliant hinge design that gives self-assembly motion in response to many external stimuli or internal actuation: for instance, the shape memory effect was utilized to construct programmable foldable materials with metal alloys [23] and polymers [24] [25] [26] under thermal and optical control. An embedded air-pocket hinge into rigid motion structures made cellular materials more versatile with diverse modes of shape, volume, and stiffness [26] . In parallel, some robotics engineers have explored the development of programmable matter using modular robots for self-assembly and-disassembly for constructing intelligent lattice structures [27] [28] [29] [30] [31] .
Combining the two key technologies-metamaterials and the programmable matter-may open a new avenue-programmable metamaterials. Some groups have already demonstrated tunable Poisson's ratios with porous elastomers via mechanically tunable function using structural instability [32, 33] . Other tunable methods have been explored for control of metaproperties as welle.g., thermal control [24] [25] [26] and pneumatic control [27] . The mechanical tunability of metamaterials may be used for engineering Poisson's ratio, but thermal harnessing appears to be related to tailoring thermal expansion coefficient, where the former can produce NPR, and the latter generates NTE. We are more motivated to the latter in this work, proposing a thermally tunable metamaterial with compliant porous structure (CPS) for tunable thermal expansion and harnessing thermal deformations.
Many efforts have been made to create a material with zero or negative thermal expansion using two constituents with widely different thermal expansion combined with space [4, 5, [34] [35] [36] . Up to date, two approaches are dominant for designing NTE materials: (i) mechanically intuitive method with an arrangement of bimaterial strips in lattice structures [4, 35, 36] and (ii) materials via topology optimization [5, 34] .
The current work is categorized in the intuitive method. However, our approach is different in that we apply micro-architecture to the edges of lattices while keeping macroscopic shapes of polygons or polyhedra. Using CPS, we introduce the design of metamaterials for the unusual properties of the two-dimensional (2D) plane and 3D space. Starting from thermomechanical constitutive modeling of CPS with bimaterial hinges in a 2D plane, we explore the effective properties-e.g., thermal expansion, Poisson's ratio, stiffness, of a cubic polyhedron made of CPS in a 3D space. Further, we investigate thermal tunability with the designed model by observing thermal expansion coefficient as a function of temperature. We found that our approach can construct a material with negative and positive thermal expansion (PTE) without a significant change of microstructure, which means we can build materials of either negative or PTE without changing mechanical properties-e.g., stiffness, Poisson's ratio.
Thermomechanical Constitutive Modeling
Combining lattice structures with compliant mechanisms, we developed CPS having holes and slits [37] [38] [39] [40] ; we have investigated the CPS's mechanical performance-e.g., stiffness, flexibility, and Poisson's ratios. One of the advantages of CPS design is on a capability to decompose lattice materials with structures and mechanisms, which has an excellent opportunity for materials design. Motivated by reasonable thermal control of CPS, we extend our original design to the modification of hinge with a multimaterial, giving the additional function in response to temperature.
We choose an arbitrary CPS originated from a modified a reentrant hexagonal honeycomb having NPR, and its configuration is depicted in Fig. 1(a) . Later, we will design it for a 3D structure ( Fig. 1(b) ), analyzing its thermomechanical behavior in Sec. 4.3. Those readers who are interested in the details on the synthesis of CPSes are encouraged to refer to our previous studies [38, 39] .
The following geometric parameters define the CPS: L is the longitudinal length, H is the lateral length, W is the width, t is the thickness of hinge, l is the length of hinge, s is the gap distance between slit-surfaces, l R is the length of the inclined strut, and h 0 is the cell angle. From our previous study, we found that the inclined strut (link) functions as a mechanism (Fig. 1(c) ), so it does not contribute to the overall stiffness of CPS [38] for both in the longitudinal and laterals loadings. On the other hand, the flexure hinges are deformed and affect the overall stiffness and strength of CPS. Knowing the deformation characteristic of CPS, we may only need a modification of the flexure hinge, triggering rotation of the inclined strut under heating or cooling stimuli. A total eight flexural hinges of the CPS are modified with bimaterial Fig. 1 Geometry of CPS and deformation mechanisms: (a) geometry of CPS, (b) cubic lattice made of CPS, (c) rotational mechanism of the inclined link part, (d) the bimaterial flexure hinge, (e) free-body diagram of the inclined link, and (f) freebody-diagram of the flexure hinge strips for a desired thermal deformation ( Fig. 1(d) ) such that a layer with a higher thermal expansion will be placed on an exterior layer after thermal deformation ( Fig. 1(d) ). The free-body diagrams for the inclined link and the flexure hinge are illustrated in Figs. 1(e) and 1(f), respectively.
We have constructed the constitutive models of compliant porous structures for a uniaxial mechanical loading with a single material hinge in our previous work [37] [38] [39] [40] . We further modify the constitutive equations of CPS with multilayered hinges for a thermomechanical loading.
Using the rule of mixture, we may set the effective modulus of the bimaterial flexure hinge as
where E i and V i are the modulus and the volume fraction of the ith constituent of the flexure hinge. From the deformation of the multilayered flexure hinge in Fig. 1(f) , we consider two axial forces and one moment. For a longitudinal force, F x , applied to the CPS, the displacement of the hinge in the x-direction is given by
From the elastic curve of a beam with Euler-Bernoulli's equation, the relation between the bending moment, M z ðxÞ and the lateral displacement, w x ð Þ of the flexure hinge is defined as
From the moment equilibrium at point A for the inclined link and the flexure hinge (Figs. 1(e) and 1(f)), we can obtain the relation among M z ðxÞ, F x , and F y as a function of angle h 0
From the formula for the relationship between the angle and the moment of an elastic beam, the deformed angle of the flexure hinge is given by
Additional integration of Eq. (5) over the beam length provides the displacements of the hinge in the y-direction as
The total displacement of CPS in the
, is obtained from sum of the elongation of the flexure hinges and the relative translation in the x-direction induced by the rotation of the inclined link
Observing the deformations in the lateral directions, the total displacements of CPS in the y-direction, d
Total y are primarily generated by rotation of the inclined link and a subsequent bending of the flexure hinge, which is represented by
It should be noted that d y in Eq. (8) is not originated from stretching of the flexure hinges in the lateral direction but from bending of the flexure hinges mainly caused by M z . The condition for a uniaxial loading in the x-direction is generated while assuming to be zero in the y-direction (F y ¼ 0) in Eq. (4). r Ã x , the effective stress of CPS in the x-direction, is represented by the applied force divided by the effective crosssectional area, HW, of CPS; r
Similarly, a uniaxial loading condition in the y-direction is created by assuming no F x in Eq. (4) . E 
Similarly,
The deflection and angle of a bimaterial hinge under a uniform heating condition can be obtained from the deformed curvature of the flexure hinge developed by Timoshenko [41] 
where a 1 and a 2 are the thermal expansion coefficients for materials 1 and 2, respectively, l is the length of a flexure hinge; q is the radius of curvature of the hinge; T is the temperature; T 0 is the reference temperature; and t is the thickness of the hinge. The details on the derivation of the thermal deformation of a bimaterial hinge are given in the appendix. As confirmed in Eqs. (13) and (14), a thermal deformation increases with l and decrease with t. The effect of modulus ratio of bimaterial, E 1 =E 2 ð Þ on the thermal deformation is known to be little [41] ; so we neglected the modulus ratio in Eqs. (13) and (14) .
For the total deformation of CPS under a thermomechanical loading, we superpose the thermal deformation (Eqs. (13) and (14) ) into the mechanical deformation (Eqs. (7) and (8) (15) and (16) are the thermal deformation of the exterior parts of the bimaterial flexure hinge.
For the design of a bimaterial flexure hinge, any two materials (polymers, metals, or ceramics) can be used. In this study, we select two polymers, candidate materials that could be printed with a current 3D printing technology. The 3D printing of multimaterials is an ideal fabrication method for the manufacture of the bimaterial hinges of CPS [26] , but the equipment is costly-more than ten times expensive than the conventional 3D printers with a single material. Alternatively, single 3D printing of two parts and assembling them is a possible fabrication method if the highly expensive multimaterial printing equipment is not available. We pursue with the latter approach.
A urethane acrylate polymer (commercial name: VisiJet V R Procast, 3D Systems) for a Polyjet-based 3D printing and polylactic acid (PLA) are considered in the design of the metamaterial with CPS in this study. Temperature-dependent moduli of the constituents were measured by the DMA tests with a temperature sweep at a 1% tensile strain mode and 1 Hz frequency. Temperaturedependent moduli of Procast and PLA are shown in Fig. 2(a) . Both materials have almost the same elastic modulus at room temperature ($2:25 GPa), but PLA shows a dramatic drop in modulus with temperature after 60 C. The measured glass transition temperatures for Procast and PLA are $97 C [42] and $65 C, respectively ( Fig. 2(b) ). The thermal transition of Procast is more clearly identified with differential scanning calorimeter, whose result was reported in Ref. [42] .
For a thermal expansion test, a heat plate is used as a heat source, and digital image correlation is used to measure the strain due to thermal deformation. The experimental setup based on the ASTM E831 standard is shown in Fig. 3(a) . The specimens are placed on the top of the heating plate as shown in Fig.  3 (a) where heat is supplied to the bottom surface of the sample. The top surface, on the other hand, is speckled for strain measurement via 3D digital image correlation. To get the desired speckle, first the surface was painted with a flat white paint, and then a flat black paint is dispersed on the top of the white background. The speckled surface is positioned to face the two cameras used for stereo vision. The temperature variation is measured using a thermocouple, on the bottom surface, incorporated with the heating plate, and an infrared thermometer positioned at the top surface. The two-point gray cameras with a 5M-pixel resolution incorporated with Nikon 60 mm microlenses are used for stereo vision. During testing, samples are heated from 24 C to 60 C at an interval of 2 C. Images of speckles surface are captured and acquired at each 2 C interval. The acquired images are post processed using VIC-3D to get the full-field strain distribution over the surface. The thermal coefficient of Procast and PLA as a function of temperature is obtained as shown in Fig. 3 (b) from the strain field and the corresponding temperature. The sample size is 17 Â 17 Â 5 mm 3 : In the whole temperature range considered, the Procast showed a higher coefficient of thermal expansion (CTE) than PLA. For example, at room temperature (25 CÞ; the CTE for Procast is 94 Â 10 À6 = C while for PLA, CTE is 55 Â 10 À6 = C: Further, CTE of the two constituents shows a linear increase with temperature. As shown in the Fig. 3(b) , the CTE of Procast dramatically increases with temperature while the moderate increase in CTE is observed for the PLA. That is evident from the slope of CTE-temperature plots shown in Fig. 3(b) , where the Procast is as twice as that of PLA. In general, CTE is known to decrease with modulus [4] . Also, in many cases, CTE of thermosets is known to be higher than that of thermoplastics. Procast is a thermoset material that is ultraviolet cured. However, unlike other thermoset materials, Procast has a relatively low modulus [42] , causing a higher CTE. As confirmed in Fig. 2(a) , Procast has a slightly lower modulus than PLA at room temperature.
Thermomechanical Behaviors
The temperature-dependent material properties of Procast and PLA were implemented to the constitutive model discussed in Sec. 2. An incremental numerical technique is used for the implementation of the temperature-dependent material properties to the analytical model. The details on the computational procedure are presented in the appendix with a flow chart. The constructed analytical models of 2D CPS and a cubic polyhedron with CPS are validated with finite element (FE)-based numerical simulations under mechanical and thermal loadings. Temperature-dependent material properties were also implemented to the simulations. A commercial FE code, ABAQUS/Standard (SIMULIA), was used for the simulations. An eight-node linear brick element (C3D8R in ABAQUS) was used with a mesh size of 0:15t after a mesh sensitivity analysis. The analysis was conducted for both uniaxial (tensile and compression) loadings and a steady-state thermal loading. Figure 4 (a) is a plot of the macroscopic stress-strain behavior of CPS for a uniaxial loading in the x-direction while both of the constituents are in an elastic range. The effective modulus of CPS is $63 MPa at the initial tensile and compressive loading regions. As a compressive loading passes the internal contact of slit surfaces, CPS becomes stiffer-a ten times higher modulus ($626 MPa) due to its stiffening effect after self-contact of internal components as shown in the gray region of Fig. 4(a) . It is interesting to observe that CPS has a bistiffness behavior over the contact and noncontact regions, which means CPS could be used for a mechanically tunable structure.
Compliant porous structure shows an abrupt nonlinear negative Poisson's ratios before and after the internal contact of slit surfaces during a compressive loading in the x-direction (Fig. 4(c) ). The negative Poisson's ratio varies with applied strains. Figure  4 (c) shows a strong effect of strain on Poisson's ratio after the contact; that is, one may tune Poisson's ratio with varying magnitudes of mechanical loads by accommodating e Ã . One can even sharply change Poisson's ratio after the internal contact of CPS slit surfaces. It is worthwhile to note that the high Poisson's ratios ($30 to 40) are explained by an anisotropic property of CPS, which was proved by some groups [43, 44] that any high magnitude of Poisson's ratio is possibly designed with an anisotropic property of cell structures.
Loaded in the y-direction, CPS displays a simple opening mechanism, resulting in a low modulus ð$ 53 kPa), but suddenly changes its stiffness to possess a high modulus after contact for a compressive loading because the effective stiffness of CPS starts being controlled by the modulus of the constituent materials (Fig. 4(c) ). It shows a high elastic strain range over À10% e 42%. The lower bound is the ratio of gap distance to the height of CPS (t=H). When opening the arms during the loading in the y-direction, the link slightly pushes the flexure hinges, resulting in negative Poisson's ratio, but the magnitude is extremely small (À0:03 Ã yx À0:02) as shown in Fig. 4(d) . 
Thermal Behaviors of Compliant Porous Structure.
Compliant porous structure with bimaterial hinges shows unusual thermal behaviors. Intuitively, we may construct a micro-architecture with NTE by a proper combination of bimaterials at the hinges of CPS. For example, if we place a higher thermal expansion (a 1 ) material (e.g., Procast in this work) on the exterior layer for regions 1 and 4 and on the interior layer for regions 2 and 3 of the hinges (Fig.  5(a) ), the CPS will generate shrinkage in the y-direction in response to a homogeneous heating, resulting in NTE (Fig. 5(b) ). Figures 5(a) and 5(b) show the thermal strain and CTE of the CPS as a function of temperature.
The thermal strain of CPS in the y-direction shows a decrease with temperature in a quadratic polynomial (Fig. 5(b) ), causing a linear drop of CTE with temperature ( Fig. 5(c) ). It is worthwhile to note that the constituent materials do not have a constant CTE with temperature as shown in Fig. 3 , causing a nonlinear thermal expansion effect when they are assembled for CPS (Fig. 5(b) ). The CPS slightly expands in the x-direction in response to temperature, showing a positive thermal expansion mainly due to the effect of materials' expansion. Figures 5(b) and 5(c) also demonstrate that the thermal deformation in the y-direction is dominant. Therefore, we may take advantage of the deformation in the y-direction for constructing a 3D mesostructure for the design of isotropic thermal expansion that will be described in Sec. 4.3.
We conducted one set of thermal expansion test with the CPS (Fig. 6 ) to verify our analytical model and numerical simulations. Separately printed Procast and PLA were key-joined in the bimaterial hinge. CPS samples were put in hot water (50 C) to apply uniform temperature over the sample where this method has been used by other research groups [25, 26] . Considering the thermal conductivity ðk ¼ 0:13 W=mKÞ and specific heat capacity ðc p ¼ 1200 J=kgKÞ of PLA, the time reaching the steady-state condition of the hinge is obtained to be 4:9 s. Note that we used the same heat transfer values for Procast due to no available thermal properties of Procast. However, considering the thermal properties of conventional polymers-0:1 k 0:35 W=mK and 1100 c p 1800 J=kgK, we may estimate the range of time to reach the steady-state temperature of the samples as 2:6 t 5:5 s [45] .
After $6s of submerging under water considering the steady-state temperature condition throughout the sample [46] , we measure the end tip distance in the horizontal and vertical centers ( Fig. 6(b) ). A high-resolution digital camera (iPhone 6 video recording-1080p HD) was used to capture the thermal deformation of the CPS, followed by a pixel-based image analysis for obtaining the dimensional change of the samples. The results on the thermal expansion in the x-and y-directions are plotted in thermal behaviors. To construct an isotropic structure, we may consider a 3D polyhedron made of 2D CPS. We choose one polyhedron even though there are many possible structures to which CPS can be applied. We will leave this to our future study. In this work, we explore one example-a cubic polyhedron that is constructed from the CPS (Fig. 7) . The cubic structure can be built with six building blocks of a square assembled with four CPSes in each orthogonal plane (Figs. 7(a) and 7(b)). Note that the central regions of each CPS are all attached to an adjacent CPS (Fig. 7(d) ) so that thermal deformation of each CPS can transfer to the other, resulting in global deformation of the cubic structure. The cubic polyhedron is not the only structure we can build with 2D CPS. Other polyhedra, e.g., tetrahedron, octahedron, etc., can be constructed with 2D CPS as long as we simply replace the edge of a polyhedron with CPS, connecting the center region to adjacent ones. However, a cubic structure seems to be easy to analyze with the current 2D CPS in this study. The design of polyhedral structures can be further flexible if CPS is constructed in a 3D space. We studied a synthesis of 3D CPSes and investigated their mechanical behaviors [40] . We leave the extension of 3D CPS to the design of polyhedral to our future work.
The effective strains of the cubic polyhedron with CPS for a thermomechanical loading are obtained by 
Equation (17) shows the correlation between microscopic deformations (d x and d y ) of CPS and the macroscopic strain, e Ã i . The strains in the X, Y, and Z directions are the same. Equation (17) also leads us to obtain the effective CTE, a Ã i of the lattice cube for a thermal loading only. The corresponding a Ã i is expressed as
where DT ¼ T À T 0 . Figure 8 shows the thermal expansion behavior of the cubic lattice structure made up of 2D CPS. The structure shows an isotropic negative thermal expansion in response to temperature. The thermal strain decreases down to À1:1% when the temperature increases up to 50 C. The decreases in strain as a function of temperature can be best fitted with a second-degree polynomial. The analytical model shows an excellent agreement with FE simulations ( Fig. 8(a) ). The corresponding CTE of the cubic lattice shows a linear reduction with CTE; À658 Â 10 À6 = C at T ¼ 50 C (Fig. 8(b) ). The isotropic thermal expansion design with the cubic lattice exceeds the magnitude of expansion by six times compared with the 2D CPS.
From Eq. (18), the effective thermal strain seems to be a strong function of a CTE difference of constituents, Da ð¼ a a À a b Þ and the hinge thickness, t. Therefore, we conduct a parametric study on the thermal expansion of the cubic lattice with the thermal extension property of bimaterials, Da for a varying t, being plotted in Fig. 8 . We consider a hinge thickness range of t max =8y t t max =2, where t max ¼ ðH À 2 sÞ=2. For a particular dimension of H ¼ 20 mm and s ¼ 2 mm, t varies from 1 mm to 4 mm. The corresponding slenderness ratio (t=l) varies from 1=6 to 2=3.
For a fixed t, a Ã linearly decreases with Da. The slenderness effect appears to be significant if t becomes thinner: e.g., if t becomes twice thinner from t ¼ 4 mm to ¼ 2 mm, the magnitude of a Ã increases by $540% (Fig. 9 ). Even though it is possible to maximize the magnitude of NTE, there is a trade-off between NTE and stiffness: an extremely thin flexure hinge may cause a structure to be too weak. The parametric study also enables us to find a condition of the design for zero thermal expansion in terms of both materials selection and the geometry of CPS: e.g., a zero CTE is obtained with a bilayer material of Da ¼$ 60 Â 10 À6 = C at T ¼ 30 C at t ¼ 4 mm (Fig. 9) . Coefficient of thermal expansions of the constituent materials in this study is temperature dependent, having Da of 39 Â 10 À6 = C À 159 Â 10 À6 = C for a varying temperature range of 24 C T 60 C where the range is indicated in gray in Fig. 9 . Over this range, we can design a metamaterial of an NTE down to a Ã ¼ À1250 Â 10 À6 = C with t ¼ 1 mm at T ¼$ 60 C. If the difference of thermal expansion of bimaterials is small, e.g., Da $ 0, meaning CTE of two constituents becomes identical, the cubic lattice with CPS has a slightly positive thermal expansion, representing a thermal expansion of a single material.
Recently, there were efforts to implement an isotropic design of negative thermal expansion with rectangular and cubic structures made of bimaterial chiral beams [47, 48] . In their work, deformation of the bimaterial beams induced a rotation at the vertices of the lattice cube under heating, causing negative thermal expansion. For the design of lattice structures, each unit cell's deformation was transferred to the adjacent cells at the vertices.
It is worthwhile to note that the unit cells of the cubic lattice with CPS in this work are connected each other at the edges where deformation is transferred to the adjacent cells, generating negative thermal expansion. We found that connecting edges of CPS for the transmission of deformation is a necessary step for building a metamaterial with CPS at a higher design space-3D structures.
Further Discussion

Microstructures of Negative Thermal Expansion.
On the development of artificial materials with NTE, typically two approaches have been explored. One is a nontriangular or nontetrahedron unit cell with a bimaterial beam member, producing a local bending mode, globally generating a macroscopic shrinkage of microstructures with temperature [4, 36, [47] [48] [49] . The thermal deformation of the mesostructures is transferred to the adjacent cells at the vertices. Our work in this study may be claimed to be in this category even though the deformation transfer mechanism is different-an edge transfer.
The other approach for designing metamaterials with NTE is in construction with triangular or tetrahedron unit cells with multimaterial truss members, causing different principal strains in response to temperature leading to macroscopic shearing [35, 50] . Indeed, triangulated structures have an excellent structural performance-high specific modulus and strength with elastic isotropy. The design of metamaterials for NTE with triangulated structures produces an anisotropic thermal expansion behavior due to the unequal principal strains of each truss member to temperature, resulting in the generation of macroscopic deviatoric thermal deformation [50] . For forcing the triangulated structures to possess isotropic thermal expansion, it appears to be necessary to skew the mesostructures at a certain level, which ends up with a nonperfect stretching dominant structure, resulting in weakening the mechanical performance at a certain degree [35] .
As known, the former approach enables to design materials with a high specific strain. The latter one guides a material with a high specific modulus. Topology optimization based design results suggest mixed modes of both methods [5] .
The former approach with bimaterial strip beams enables a lattice structure to have an isotropic thermal expansion with dilatational thermal deformation [4, 36, [47] [48] [49] as demonstrated in this work as well. The weak stiffness with the nontriangular geometries may be overcome with another microscopic stiffening effect; e.g., internal contact of members as evidenced in this work. Even though the proposed cubic lattice structure in this work does not show a perfect elastic isotropy according to the theory of elasticity, the hierarchical approach with CPS can be extended to other isotropic lattice structures such as a hexagonal structure with sixfold symmetry, which is left to our future work.
Fabrication Combining Three-Dimensional Printing
With Mechanical Assembly Design. As we mentioned earlier in Sec. 3, an ideal fabrication method for the mesostructure in this study is the 3D printing of multimaterials. However, due to the highly expensive equipment and fabrication cost, the use of the 3D printing of multimaterials is not open to every research community. Alternatively, we propose a separate single-material based printing, followed by a mechanical assembly of individual parts. To build the bimaterial hinge for CPS, we design a Procast part possessing a key home (Fig. 10(a) ), enabling to mate with a PLA part. With a cylindrical rounding on the surface, both components have a larger surface contact area when mating, ensuring a secure assembly (Fig. 10(a) ). For joining CPS with another, locking joints are used for male and female parts (Fig. 10(b) ). Note that the locking joints were designed for both horizontal and vertical mating directions, enabling an assembly of a 2D plane structure (Fig. 10(c) ) and a 3D structure (Fig. 10(d) ).
We found some limitation on the fabrication. The PLA parts printed with FDM (100 lm resolution, Replicator 2, MakerBot) have a low printing resolution compared with the Procast parts printed by a high-resolution Polyjet printer (16 lm resolution, 750 Â 750 Â 1600 DPI, ProJet HD3500Plus, 3D Systems). Actual thickness (tÞ and cylindrical diameter (/Þ of PLA in Fig. 10(a) before postprocessing were t=2 ¼ 1:05 6 0:05 mm and / ¼ 1:60 6 0:10 mm, causing a dimensional error and possible residual stress during the assembly. A post processing such as polishing was needed to make a good assembly.
To check the thermal deformation of the 3D cubic lattice structure, we put the cubic sample in hot water (50 C) whose procedure is shown in Fig. 11 . It shows a negative thermal expansion near the center of CPS (Figs. 11(b) and 11(c))-the lateral gap is gradually closed at t $ 6s as shown in Fig. 11(c) . But not all individual CPSes appear to clearly demonstrate the negative thermal expansion possibly due to relatively rough dimensional accuracy over the CPSes induced by a dimension error of PLA during mechanical assembly, which is a drawback of the fabrication method. To guarantee the design, both parts for bimaterial hinge should have a good dimensional accuracy, which is challenged to find proper manufacturing methods.
Extension to Programmable
Structures. Each CPS has eight flexure hinges with the bimaterial strip. The multiple hinges of CPS can be used for generating multiple macroscopic thermal deformations with a different combination of hinges, producing a thermally controllable CPS and other polygons composed of CPS for thermally tunable metamaterials.
Considering the combination of the flexure hinges and the twofold symmetry of CPS, we can generate several sets of different thermal deformations for a single CPS as shown in Table 1 . Two different colored parts indicate materials with a 1 and a 2 , respectively. The combination of the bimaterials is described as follows: if a material with a 1 is located on top, bottom, bottom, and top at regions 1-4, respectively, on the upper part in Fig. 5 , we denote the combination as {t; b; b; t U }. Similarly, if the material with a 1 is located on bottom, top, top, and bottom at regions 1-4, respectively, of the lower part, we denote the combination as {b; t; t; b L }. Other combinations are shown in Table 1 . The varying combination of the bilayer flexure hinges produce varying thermal deformations of CPS (Table 1) .
Considering the different thermal deformation of CPS, we may extend the design-a polygon made of CPS. Multiple thermal deformation modes are generated with a square made of CPS in the 2D plane, illustrated in Table 1 . The extended design to the polygon with CPS provides a potential benefit of a hierarchical design of CPS, which is possible to generate additional patterns.
Type A produces a volumetric expansion and contraction with a square unit made of CPS. Note that Type A possessing NPR generates CPS with both NTE and positive thermal expansioncontraction and expansion, respectively, in response to temperature. Type B generates local bending of CPS. The macroscopic thermal deformation of a square unit made of Type B is similar to a soft porous material that is column buckled [8] . Type C generates a 180 deg rotational symmetry of CPS, providing a macroscopic pure shear deformation when it is utilized for building a square unit. Type D generates nonsymmetric deformations of CPS without significantly influencing a macroscopic deformation of a square unit.
It is worthwhile to note that the mechanical properties-e.g., modulus, strain, and Poisson's ratio-remain the same for all the CPS configurations despite the varying thermal deformations because the change of the combination of bimaterial hinges of CPS shall keep the effective modulus the same. It should be noted that the thermally tunable patterns in Table 1 were generated from CPS with NPR. One may ask if we can generate the patterns from CPS with positive Poisson's ratio (PPR). This may answer whether or not there is a correlation between Poisson's ratio and thermal expansion.
Through our previous work, we synthesized the CPS from a modified regular hexagon and derived mechanical behaviors of CPS with PPR such as modulus, strength, Poisson's ratio, and nonlinear constitutive relations including self-contact of the internal surface [38] [39] [40] . Readers are encouraged to refer to our previous work [38, 39] on the derivation of mechanical properties of CPS with PPR.
We apply a different combination of bimaterial hinges on CPS with PPR. We obtain the similar pattern as Table 1 with a square cell-volumetric deformation, shear deformation, rotation, etc. as illustrated in Table 2 . Observing the patterns generated from the thermal deformations in Tables 1 and 2 , both structures constructed from NPR and PPR provide the same patterns. Therefore, we may conclude that thermal deformation is independent of Poisson's ratio which confirms former investigator's conclusionthere is no clear correlation between NPR and NTE [5, 49] .
The independence of NPR and NTE to each other means it could be a benefit to design metamaterials because it can expand design space without restriction to each other. For example, a metamaterial with NPR can generate both and PTE and NTE. A material with PPR can produce both PTE and NTE as well. The hierarchical approach will broaden the design space of metamaterials and should be explored further. Table 2 Hinge layer combination and the corresponding thermal deformations of CPS with PPR and a square unit made of the CPS Table 1 Hinge layer combination and the corresponding thermal deformations of CPS with NPR and a square unit made of the CPS
Conclusions
We have introduced the design of an elastic metamaterial with 2D CPS that are thermomechanically programmable. A hierarchical approach was used to build a metamaterial made up of CPS. Starting from a thermomechanical constitutive modeling of CPS with bimaterial hinges in a 2D plane, we analyzed effective properties of a cubic polyhedron designed with CPS in a 3D space. Nonlinear thermomechanical properties of constituents were implemented to the analysis.
The major findings from this work are as follows:
Temperature-dependent bimaterial properties for the flexure hinge design produce nonlinear large thermal deformation of CPS and its cubic lattice structure. Coefficient of thermal expansion of the metamaterial is temperature sensitive, so care should be taken. Compliant porous structure generates unique mechanical and thermal properties-negative Poisson's ratios, negative thermal expansion, switchable bistiffness, etc. A hierarchical design of CPS to a 3D lattice structure can produce the isotropic and large magnitude of thermal expansion. Multisets of thermally controllable CPS with a different combination of bimaterial hinges produce various thermally tunable configurations by heat while remaining the same elastic properties.
The metamaterial with CPS shows the potential as a thermally reconfigurable structure. Due to the hierarchal design capability of CPS, it may expand design space and has the potential for the development of multinegative indexes-negative Poisson's ratios and negative thermal expansion.
While deriving the thermal deformation of a double layered flexure hinge, we follow Timoshenko's bimaterial beam theory [41] . Considering a double-layered flexure hinge having a high CTE (a 1 Þ for a top layer and low CTE (a 2 Þ for a bottom layer, we may expect a thermal deformation of the flexure hinge as illustrated in Fig. 12 .
From an equilibrium condition, internal compressive (F 1 Þ and tensile (F 2 Þ forces are resulted by a 1 > a 2 while uniformly heated
where F 1 and F 2 are the internal axial forces applied to the layers 1 and 2, respectively. M 1 and M 2 are the bending moments applied to the layers 1 and 2, respectively. q is the radius of curvature of a double-layered beam (Fig. 13) . The flexural rigidity values of each layer are E 1 I 1 and E 2 I 2 , where E 1 and E 2 are the moduli of each material. I 1 and I 2 are the area moment of inertia of each layer. The corresponding internal moments are M 1 ¼ E 1 I 1 =q and M 2 ¼ E 2 I 2 =q. From the compatibility in the longitudinal direction, one may obtain the following relation for a unit width: 
Note that q is proportional to the strain by thermal expansion and inversely proportional to the thickness of the hinge. It is known that the curvature is not strongly affected by the ratio of individual moduli [41] : q varies within a 3% for 0:5 E 1 =E 2 2. Neglecting the ratio of the individual moduli, Eq. (A5) is further simplified as
The deflection and angle at the end tip of the hinge can be directly obtained from the geometric relation in Fig. 13 Fig. 14 Flowchart to calculate the effective properties of CPS with the bimaterial hinges
where d is the deflection of the hinge and l is the length of the hinge.
For a relatively long l (d ( l), the d 2 and dt terms on the denominator of the right-hand side of Eq. (A8) may be neglected. Therefore, the deflection of the beam by a thermal loading, d y À Á th , is obtained from Eqs. (A7) and (A8)
The angle at the tip by a thermal loading, Dh z ð Þ th is also obtained by
A.2 Numerical Computation of the Analytical Model Figure 14 shows the computational steps to obtain numerical values from the analytical model in Sec. 2.
To obtain the effective properties of CPS, a numerical method with incrementing steps and updated loading are used due to the nonlinearity of the solution via the unusual geometry of CPS. The proposed constitutive models are modified to apply the numerical method, from (A11) to (A15), where subscripts j and j þ 1 denote the previous step and current step, respectively. The flowchart to calculate the effective properties of CPS is shown in Fig. 14 
